Fiber Bragg gratings (FBGs), structures that are characterized by a periodic or an almost periodic variation in the f iber core's refractive index, are among the most widely used optical f iber devices, with applications such as in f iltering and gain f lattening. 1 In addition, they have been used to demonstrate a number of fundamental nonlinear physical phenomena, including Bragg grating solitons 2 -4 and the optical push broom. 5 Here we propose another such demonstration, namely, the storage of light in a defect state in such a structure by four-wave mixing. Our analysis below shows that, for realistic parameters, approximately 30 fJ of energy can be deposited in the well.
The existence of defects in periodic structures is known to lead to localized states with a frequency in the bandgap. Here we consider gratings in which the defect is a region in which the grating strength vanishes, as illustrated in Fig. 1(a) . We refer to such a defect as a well. It can be understood as follows: The periodicity leads to a one-dimensional photonic bandgap. Associated with this bandgap is evanescent wave behavior for light in the fiber grating, with a frequency inside the gap, and this light is therefore (Bragg) ref lected by the grating. Thus for a nonuniform grating as in Fig. 1(a) this light exhibits propagating behavior in the well, whereas elsewhere it decays evanescently. This behavior is reminiscent of that of electrons in a one-dimensional potential, with regions with evanescent and propagating wave behavior that correspond to barriers and wells, respectively. 6, 7 These configurations lead to states that are localized mostly in the (photonic) wells, with exponential tails extending into the (photonic) barriers, as shown by the dashed curve in Fig. 1(a) .
Any light deposited into such a localized state may exhibit a long lifetime, depending on the size and quality of the periodic structure and on the absorption of the medium, which then can act as an optical memory element. High-quality f iber gratings can be made sufficiently long for size effects to be negligible. Because at a wavelength l 1 mm the attenuation is 1 dB͞km in untreated f iber, the upper limit for the half-lifetime of the trapped light is 15 ms. If one includes the increased loss in UV-treated f iber of 0.05 dB͞cm (Ref. 8) and the fact that roughly 20% of the light is in the barrier, then one f inds a half-life of 15 ns.
Here we demonstrate an effective way to launch energy into a localized state by four-wave mixing (FWM): A strong pump pulse, seeded with a cw idler, generates a signal with a frequency that equals an eigenfrequency of the well. This is certainly more efficient than a direct approach, in which a wave with a frequency the same as that of the bound state is incident upon the structure, because each of the constituent gratings is strongly ref lective at this frequency. It is true that perfectly symmetric structures have unit transmission at these frequencies, but the associated linewidth is then quite narrow, and thus the structures have a slow frequency response. Our approach is somewhat reminiscent of that of Winful and Perlin 9 for the formation of gap solitons but with two key differences. The first is that FWM can be well controlled and does not rely on the glass's optical phonons, the properties of which are f ixed. The second is that energy is deposited into an existing state that does not need to be created nonlinearly, and the process is thus more eff icient.
We consider two uniform gratings separated by a length w of uniform fiber, with the refractive index Fig. 1(a) . The band diagram is shown in Fig. 1(b) : The hatched areas, centered at Bragg frequency v B , indicate evanescent behavior for the f ield envelope, whereas in the clear regions the field envelope is propagating. We thus have a one-dimensional rectangular photonic well, the eigenstates [ Fig. 1(a) ] of which are known in analytical form. 7 As the input we consider a strong pump and an idler, with frequencies v p and v i , respectively, both detuned far from the bandgap such that they are unaffected by the grating [ Fig. 1(b) ]. To analyze the problem we represent the electric f ield as E x͓E͑z, t͒f ͑x, y͒ 1 c.c.͔, with
where f ͑x, y͒ is the transverse mode prof ile, which is taken to be the same for the three frequencies, k B and v B are the Bragg wave number and frequency, k p and k i are the wave numbers of the pump and the idler, and E p , E i , and E 6 are the amplitudes of pump, idler and signal, respectively. Though the analysis here is for a cw pump and idler, it is used below for a pulsed pump. From the Maxwell equation we obtain
where denotes the complex conjugate, V is the group velocity of the light in the grating's absence, k͑z͒ is the grating strength, G v B n 2 ͑͞cA eff ͒, n 2 is the nonlinear refractive index, A eff is the effective core area, Dk ϵ 2k p 2 k i 2 k B , and V ϵ 2v p 2 v i 2 v B . For the structure in Fig. 1 the strength is k͑z͒ k for jzj . w͞2 and k͑z͒ 0 for jzj # w͞2. We also take jE p j . . jE i j . . jE 6 j and ignore pump and idler dynamics, so the nonlinear contributions to the pump and idler phases are E p ͑z͒ E p0 exp͑iGjE p0 j 2 z͒ and E i ͑z͒ E i0 exp͑2iGjE p0 j 2 z͒, where E p0, i0 E p, i ͑0͒. The left-hand sides of Eqs. (2) with g 1 g 2 0 describe the f ields in the absence of the FWM. The harmonically varying solutions are then the eigensolutions c j ͑z͒exp͑2iV j t͒ of the well, 7 which generally have discrete and continuous spectra. The discrete part for a rectangular well is found from the transcendental equation 7 tan͑V j w͞V ͒ ͓͑kV ͞V j ͒ 2 2 1͔ 1͞2 . Two eigenvalues v 1, 2 are shown in Fig. 1(b) , and the amplitude of a typical eigenstate c j ͑z͒ ͓c j 1 ͑z͒, c j 2 ͑z͔͒ is indicated schematically by the dashed curve in Fig. 1(a) . The eigenstates are normalized such that R ͑jc j 1 j 2 1 jc j 2 j 2 ͒dz P .
We solve the full Eqs. (2) by using a method that is similar to that which leads to Fermi's "golden rule" in quantum mechanics. 10 That is, we represent the field as a superposition of the eigenstates ͑E 1 , E 2 ͒ P j b j ͑t͒ ͑c j 1 , c j 2 ͒exp͓2i͑V j 2 2V GjE p0 j 2 ͒t͔, where the sum includes both the discrete and the continuous spectra and b j ͑t͒ are yet to be found. The factor exp͑2iVGjE p0 j 2 t͒ is introduced for convenience. Substituting into Eqs. (2) and projecting onto state l, we obtain
where z ϵ V 2 V l 1 2GV jE p0 j 2 and
Here F , which is proportional to the Fourier transform of the forward-propagating component of the eigenstate, indicates a generalization of the phasematching condition for a process in which one of the fields is localized and not plane-wavelike. Note from Eq. (3) that an efficient energy f low into the bound state requires that z 0, or
corresponding to energy conservation. For z 0, Eq. (3) can immediately be integrated, and it is then found that
where S p, i jE p0, i0 j 2 are the pump and the idler power and l B is the free-space Bragg wavelength. For the well discussed here, the Fourier transform of eigenstate l peaks close to V l ͞V , so
with a ϵ ͓k 2 2 ͑V l ͞V ͒ 2 ͔ 1͞2 . We thus assume that, while satisfying Eq. (5), we can separately select Dk by varying, for example, the idler frequency and the fiber tension. 4 For simplicity, we consider the pump as a rectangular pulse of length t. Though this assumption is perhaps not realistic, it introduces small errors and allows the results to be written in simple closed form. Using Eq. (6) for jb l j 2 , we can now calculate the total energy U in the well:
where the distinction between group and phase velocities has been dropped. We now use result (8) to estimate the energy that can be trapped in the well. We use the parameters from the FBG experiments of Eggleton et al. 4 : grating strength k 10 cm 21 , Bragg wavelength l B 1 mm, pump intensity 10 GW͞cm 2 , and t ϳ 100 ps. We also take the well width w 1 cm and S i 10 mW distributed over a mode area of 20 mm 2 . In this case the well has eight eigenstates. Then, for a typical eigenstate from Eq. (8), we find that U ഠ 30 fJ. Observation of the scattered light, which would demonstrate the excitation of the well state, is facilitated by the fact that this light is essentially monochromatic. Note that even for such a strong pump the nonlinear correction in Eq. (5) is 2GjE p0 j 2 ϳ 0.15 cm 21 , which is small compared with eigendetuning V l .
Equations (2) describe only the evolution of the signal, assuming that the pump and the idler are unchanged. A more comprehensive description is given by the nonlinear coupled-mode equations that are often used for the description of nonlinear wave propagation in gratings, 2, 3 in which the dynamics of all constituent fields is included. Viewed in this way, the problem corresponds to modulational instability that is seeded by the idler but in which the signal energy is in a localized state rather than in the more usual planewavelike state. Using this approach, we study the problem numerically to compare it with analytical results. We now take the total length of the FBG, L 12 cm, noting that in the analytical calculations the gratings on adjacent sides of the well are taken to be semi-infinite. The pump has a detuning 8k. The idler detuning is chosen such that resonance condition (5) corresponds to eigendetuning V 1 ͞V 1.43 cm 21 , just above the Bragg frequency. We observe that FWM indeed leads to the deposition of energy in an eigenstate. We measure the peak intensity of the field in the well after the pump is switched off. Figure 2 shows the dependence of the ratio of the peak intensity of the field inside the well, and that of the pump, on pump duration t. The agreement between the theory (solid curve) and numerical simulations (filled circles) is clearly very good, except for short pump pulses. This discrepancy is associated with the wide spectra of such pulses, leading to the simultaneous excitation of more than one defect state. The stars in the figure correspond to the direct approach in which light is incident at the frequency of the eigenstate; clearly this approach is not so eff icient as that which uses FWM. Though the direct approach would be more eff icient if the barriers were shorter or weaker, stronger leakage out of the well would also occur.
We have thus considered FWM as a way to deposit energy into a photonic well. The process is similar to a seeded modulational instability process but one in which signal photons are in a discrete level. The energy transfer from the pump to an eigenstate is effective if the eigendetuning is equal to the frequency mismatch that is corrected as a result of Kerr nonlinearity. For the parameters considered, the eigenstate energy increases quadratically with the pump duration, as is justif ied by numerical simulations. For longer ͑.1-ns͒ pump pulses, one should also include the idler dynamics. We note that the memory element can be read out by a process that is the inverse of that described here: The energy deposited in the well, in combination with a strong pump, leads to a (weak) field at the idler frequency. Though we consider FBGs here, which are effectively one-dimensional structures, this method also applies to higher-dimensional defects, such as are formed in two-or three-dimensional photonic crystals.
